Topical skin formulations with a lipid content below 15% were stored for six months at 5 ºC, 20 ºC, 7 or 40 ºC or for 2 weeks at 50 ºC in darkness or at 20 ºC with exposure to light for six months . The 8 volatile lipid oxidation compounds formed during this storage were compared to those formed in 9 the raw materials during three months of accelerated stability storage at 40 °C for 3 months. The 10 volatile compounds were collected by dynamic headspace and analysed by GC-MS. 11
Introduction 32
In earlier studies, it was clearly demonstrated that lipid oxidation can occur in topical skin 33 formulations with either high or low lipid content and that their sensory quality can be affected by 34 lipid oxidation as changes in both odour and colour were observed [1] [2] [3] [4] [5] [6] . It is tempting to assume 35 that the extent of lipid oxidation will decrease with decreasing lipid content. However, this may not 36 always be the case in "real" topical skin formulations because factors other than the absolute lipid 37 content may be more important. Similar to other emulsions, topical skin formulations consist of 38 three phases: the lipid and aqueous phase and an interface. Lipid oxidation is affected by 39 partitioning and diffusion of anti-oxidants and pro-oxidants in all three phases and this can 40 significantly influence lipid oxidation. Physical factors such as viscosity and droplet size may affect 41 diffusion of pro-oxidants and, thereby, increase or decrease lipid oxidation [7] . 42
Topical skin care formulations are complex systems consisting of many different ingredients, which 43 may affect lipid oxidation positively or negatively. In addition, interactions between ingredients 44 could influence lipid oxidation as also observed for simple emulsions [8] . However, only a limited 45 number of studies on this topic are available in the literature. An earlier study of the skin 46 conditioning raw material, coconut oil, showed that its peroxide value (PV) increased from 47 approximately 2 to 65 meq/kg during 42 days of storage at 60 °C [9] . PV measures the primary 48 oxidation products, which are odourless. Hence, PV cannot be used to asses odour changes in raw 49 materials as a result of lipid oxidation. Odour changes are caused by secondary volatile oxidation 50 products which were not measured in the above mentioned study. 51
Data on the quality of other raw materials used in topical skin care formulations are available in the 52 literature [3, 9, 10]. However, the quality may vary widely depending on manufacturing process. 53
This was shown in a more recent study, which compared the quality of coconut oils produced in 54
India [10] . The authors concluded that the quality varied widely depending on crop quality and 55 production method. They analysed three types of coconut oil; virgin coconut oil from wet mature 56 coconut, and refined, bleached, and deodorized and unrefined coconut oil prepared from copra. 57 Furthermore, they measured oxidative status by PV, which fluctuated from 0.0 to 2.7 meq/kg 58 depending on manufacturer. In addition, the colour (0.00 -2.7 Lovibond unit), free fatty acid (0.01 59 -2.02 %), polyunsaturated fatty acid (0.13 -1.57 %), monounsaturated fatty acid (3.31 -5.23 %), 60 saponification value (239.9 -260.2) also varied widely between the production methods. The 61 conclusion was that virgin coconut oil had the best quality independent of manufacturer [10] . These 62 studies support the notion that raw materials used for topical skin formulations may vary widely in 63 quality because of their manufacturing process and that attention therefore must be paid to this fact 64 when selecting raw materials for the manufacture of such products. 65
In an earlier study, we investigated lipid oxidation in raw materials used for production of a topical 66 skin formulation with a high lipid content. We found that the most dominating volatile compounds 67 clearly orginated from specific raw materials [1] . 68
Several studies have explored the effect of lipid content on the oxidative stability in oil-in-water 69 emulsions. One of these studies investigated the effect of pH and emulsifier type in two emulsions 70 with a lipid concentration of 5 % and 70 %, respectively [11, 12] . In general, the study showed that 71 the oxidative stability of the 5 % lipid emulsion was lower than the oxidative stability of the 70 % 72 lipid emulsion. The lower oxidative stability was independent of emulsifier type. The findings were 73 surprising as more oxygen can be dissolved in oil than in water. It was suggested that the 74 accessibility to direct interaction of lipid hydroperoxides with the prooxidant trace metal ions in the 75 aqueous phase was lower in the emulsions with high lipid content [11, 12, 13] . Aligned with our 76 previous studies [11, 12] , another study compared the oxidative stability of 10 % vs 30 % oil-in-77 water emulsions [13] . The oxidative stability was assessed by PV and anisidine value (AV) of the 78 emulsions. The PV and AV were significantly affected by the lipid content, the 10 % emulsions had 79 significantly higher amounts of hydroperoxides and aldehydes after 15 days storage compared to 80 the 30 % emulsions. Overall, a decrease in the lipid content resulted in increased lipid oxidation 81
[13]. The lower oxidative stability in these three studies may be related to low concentration of oil 82 and thereby higher concentration of water that contains the prooxidant trace metal ions. Trace metal 83 ions are well-known initiators of lipid oxidation in the initiation stage but also in the decomposition 84 of hydroperoxides to secondary oxidation products. However, other factors than the oil content and 85 presence of trace metal ions can also affect the oxidative stability. For example differences in oil 86 droplet size could have affected the oxidative stability. 87
Before we are able to understand interactions between the raw materials in topical skin 88 formulations, the oxidative status of the raw materials must be explored. The hypothesis of this 89 study is therefore that oxidation occurs to a higher extent in low fat than in high fat topical skin care 90 formulations and that it is possible to link the volatile compounds to the raw material(s) used in the 91
formulations. 92
The purpose of this study was thus to measure lipid oxidation and oxidative degradation products in 93 topical skin formulations with a lipid content below 15 % as well as in selected raw materials. A 94 second aim was to investigate the link between volatile compounds affecting quality in topical skin 95 formulations to the presence and formation of the same volatile compounds in raw material(s). In 96 addition, we aimed at obtaining an understanding of the mechanism leading to the formation of 97 certain volatile compounds. We used refined coconut oil and medium chain tricaprylin and tricaprin 98 lipid sources in the formulations. 99
Lipid oxidation was accelerated by increasing temperature or light exposure to more quickly 100 generate potential volatile compounds. 101
Materials 102
Prototype skin formulations 103
The topical skin care formulations used in this study were produced by GlaxoSmithKline 104 (Brentford, United Kingdom). Two types of topical skin formulations were included in this study 105 due to their different purposes and therefore different raw materials; 1) a prototype cleansing 106 formulation (PCF) that contains rinsing agents to clean the skin. 2) a prototype serum formulation 107 (PSF) that has a higher concentration of performance ingredients than other topical skin 108 formulations with a low lipid content. It is used for targeting specific skin care concerns. The PCF 109 contained several raw materials including glycerine, tricaprylin and tricaprin, coconut oil, lecithin 110 and polyacrylate crosspolymer-6. The PSF contained several raw materials including glycerine and 111 lecithin. Manufacturing protocols for the formulations are proprietary information. 112
Raw materials 113
Tricaprylin and tricaprin having the commercial name "Caprylic/capric triglycerides" 100 % (BASF 114 SE, Ludwigshafen, Germany), Glycerine 99.5 % (Croda Europe Ltd, East Yorkshire, England), 115
Coconut oil 100 % (Henry Lamotte oils, Bremen, Germany), Lecithin 88.2 % (Lipoid, 116
Ludwigshafen, Germany), Polyacrylate crosspolymer-6 92-100 % (Seppic, Paris, France) 117
Methods

118
Storage experiment 119 PCF (in full 200 ml plastic bottles) and PSF (in full 30 ml plastic bottles) were stored for six months 120 at 5 ºC, 20 ºC, and 20 ºC with exposure to artificial light (approximately 3500 lx), 40 ºC, and for 2 121 weeks at 50 ºC with sampling points after 0, ½ (only 50 ºC), 1, 2, 3 and 6 months. Individual 122 containers were removed at each time point: one bottle of PCF and 3 bottles of PSF. 123
Raw materials were stored at 40 ºC for 3 months. Samples were taken each month (0, 1, 2 and 3 124 months). This storage condition was used to accelerate degradation and oxidation fast to reveal 125 which volatile compounds that a certain raw material may give rise to. Furthermore, the 126 concentrations in raw material and finished products are not to be compared directly 127
The samples were stored at 5 ºC until PV and GC-MS analysis. The product odor was assessed by 128 an expert panel consisting of scientists in the R&D department at GSK at the end of the storage 129 period. The scientists have expertise in using the degree of Difference (DOD) scale which they use 130 at GSK to assess odor changes during storage. In this method, the sample odour was graded versus 131 a reference. All samples are ranked from one to five. All samples ranked below 4 are within 132 "product range". 133
134
Oil extraction 135
Oil was extracted from PCF and PSF with Bligh and Dyer method using a reduced amount of 136 solvent [14, 15] . The method is described in more details in [1] . In brief, the water-soluble parts 137 were separated from the lipid soluble parts by addition of chloroform, water and methanol followed 138 by centrifugation. The lipid phase was used as starting material for PV analysis and determination 139 of fatty acid composition. 140
Peroxide Value 141
PV was determined spectrophotometrically at 500 nm using the IDF method [16] . 142
Quantification of volatile compounds 143
The volatile compounds were selected based on a prescreening, which considered their presence 144 and increasing concentration in PCF and PSF during storage. The volatile compounds that appeared 145 in PCF and PSF are different because they are produced from different raw materials. 146
Purge and trap on PCF 147
Extraction of volatile compounds and GC-MS analyses were performed as described by Thomsen et 148 al.
[17] for emulsions. In brief, the volatile compounds were released by continuously disturbing the 149 equilibrium between the sample and headspace by purging nitrogen directly through the sample. 150
The volatile compounds released from the sample were absorbed on a tube containing Tenax GR. 151
After collection, the Tenax tube was manually inserted into an automatic thermal desorption unit 152 
TDU/DHS on PSF and raw materials 158
Extraction of volatile compounds and GC-MS analyses were performed automatically using thermal 159 desorption unit/dynamic headspace (DTU/DHS) as described by Thomsen et al. [17] with the 160 following modifications for sample preparation, collection and water evaporation ( Table 1 ). The 161 extraction modification was performed in order to avoid contamination of the system and to remove 162 water residues. Briefly, volatile compounds were automatically collected by purging the headspace 163 (and not through the sample) followed by trapping the volatile compounds on the adsorbent tube 164 using the Gerstel Tenax GR 300 tubes in a dynamic headspace station (Gerstel GmbH & Co. KG., 165
Mülheim an der Ruhr, Germany). Then, the absorbent tube was automatically transferred by a 166 thermal desorption unit/CIS (Gerstel GmbH & Co. KG., Mülheim an der Ruhr, Germany) into the 167 GC 6890N Series -MS 5973 inert mass-selective detector (Agilent Technologies, Santa Clara, 168 USA). 169 to approximately 7 ng/g at all conditions after 6 months storage ( Figure 1D ). Butanal and 1-215 pentanol are well-known lipid oxidation products [19, 20, 21] . In an earlier study, we determined 216
GC temperature program and MS settings for both purge and trap, and DTU/DHS
ODT values for volatile oxidation products, which increased during storage in a prototype cleansing 217
formulation. In general, we found that ODT values in a prototype cleansing formulation were above 218 70 ng/g [6] . The cleansing formulation in this study is a matrix comparable to the cleansing 219 formulation used for the ODT study, but with some small differences, which did not disqualify the 220 ODT values previously determined from being used in the present study.. Therefore, butanal and 1-221 pentanol most likely did not affect product odour as individual compounds, but they may contribute 222 to a cocktail effect when present together with other volatile compounds. In contrast to the large increases observed in the concentrations of short chained aldehydes, 256 concentrations of the two aldehydes with a longer chain, hexanal and benzaldehyde, only increased 257 slightly to 69 ng/g (but significantly after 6 months at 20 °C with exposure to light and 40 °C) and 258 17 ng/g ( Figure 2F and 2H). No significant increases were observed for the two ketones, 2-259 pentanone and 2-hexanone, for which their concentrations only increased slightly to 13 ng/g and 15 260 ng/g ( Figure 2C and 2E). These low concentrations are not expected to affect product odour as 261 individual compounds although they may contribute to a cocktail effect. 262
The alcohol, 1-octanol increased significantly during storage at 40 °C to 1803 ng/g after 6 months´ 263 storage. At this high concentration, it is expected to affect product odour. At the other storage 264 conditions, 1-octanol also increased significantly after 6 months´ storage to 102 ng/g, 279 ng/g and 265 222 ng/g at 20 °C, 20 °C with exposure to light and 40 °C, respectively ( Figure 2G ). The exact 266
ODT value for 1-octanol in topical skin formulation has not been determined, but the ODT value 267 for 1-heptanol has been measured in topical skin formulation and was found to be 170±23 ng/g [6] . 268
The volatility of 1-octanol is expected to be lower than 1-heptanol. Therefore, a slightly higher 269 ODT value may be expected for 1-octanol than for 1-heptanol. Nevertheless, it is likely that the 270 observed concentrations after 6 months (279 ng/g, 222 ng/g and 1083 ng/g) may affect product 271 odour. 272
Comparison of PV results with PV data obtained in our earlier study [1] , showed that the oxidative 273 stability was lower for topical skin formulations having a low lipid content than in topical skin 274 formulations with a high lipid content. The PV was up to 21.9 meq/kg and 1.44 meq/kg in topical 275 skin formulations having a low and high lipid content, respectively. However, the concentration of 276 volatile oxidation and degradation products revealed that the oxidative stability of topical skin 277 formulations with a high lipid content was lowest. The same pattern was observed in this study 278 namely that a low PV was related to a high concentration of volatile compounds, but a high PV did 279 not result in a high concentration of volatile compounds. Consequently, no direct relationship was 280 observed between PV and volatile compounds neither in the present study nor in the previous study. 281
The concentration of butanal increased to 154.35 ng/g and 408.72 ng/g in topical skin formulations 282 having a low and high lipid content, respectively. The higher PV for topical skin formulations with 283 a low lipid content may be related to a faster conversion from primary to secondary oxidation 284 products. The hypothesis that the low fat topical skin care formulations would have a lower 285 oxidative stability than the high fat products could thereby not be confirmed. Studies in simple 286 emulsions [11, 12, 13] obtained the opposite result namely that decreasing lipid content increased 287 oxidation. The reason for these contradicting results may be related to effects on lipid oxidation 288 from the numerous raw materials used for topical skin formulations e.g. addition of polymers, 289 which may make it difficult to compare the effect of the lipid content in different types of products. 290
Therefore, more studies are needed to investigate this issue. 291
Lipid oxidation in selected raw materials 292 A broad screening for volatile compounds in mainly lipid containing raw materials was conducted. 293
The concentration of product relevant to volatile compounds increased notably in five of the raw 294 materials used for the prototype skin formulations during 3 months´ storage, namely, glycerine and 295 lecithin applied in PCF and PSF, and tricaprylin and tricaprin, coconut oil and polyacrylate 296 crosspolymer-6 for PCF only. 297
The main focus was on volatile compounds initially present and also appearing during storage both 298 in topical skin formulations and raw materials. An explanation to the appearance of the volatile 299 compounds in the raw material is suggested based on fatty acid composition (degree of 300 unsaturation) and other studies reported in literature. 301
The raw materials; tricaprylin and tricaprin, glycerine and coconut oil contained several aldehydes 302 (Figure 3) . The concentration of volatile compounds increased particularly in tricaprylin and 303 tricaprin, and coconut oil during accelerated storage at 40 °C for 3 months. 304
305
The increasing concentration of butanal in both prototype skin formulations may be related to two 306 raw materials, tricaprylin and tricaprin and glycerine. The raw material, tricaprylin and tricaprin, 307 also contained 1-pentanol and 2-pentanone after accelerated storage. Therefore, the increase in the 308 concentration of 1-pentanol in PCF may be related to this raw material. 309
The three aldehydes, pentanal, hexanal and benzaldehyde, and one ketone, 2-hexanone, originated 310 partly from three raw materials, tricaprylin and tricaprin, glycerine, and coconut oil. Several other 311 volatile compounds increased in these raw materials but not in the products, namely 3-312 methylbutanal, 3-methyl-1-butanol, 2-heptanone, heptanal, octanal and nonanal. We hypothesize 313 that this could be because the skin care product matrix highly influenced the release of volatile 314 compounds. Furthermore, the concentration of the volatile compound detected in the neat raw 315 material may be below the detection limit for GC-MS method when the raw material is mixed with 316 other ingredients in the skin care product. However, 6 out of 9 volatile compounds that increased 317 during storage in PCF also appeared and increased in the raw materials. 318
The increasing concentration of volatile compounds in tricaprylin and tricaprin can be related to its 319 fatty acid composition. tricaprylin and tricaprin mainly contained fatty acids with a shorter chain 320 length than C14. It contained the saturated fatty acids (>99 %; 57.02 % of 8:0 and 42.30 % of 10:0) 321 and unsaturated fatty acids (< 0.5 %; 16:1 and 16:2). Even though the degree of unsaturation was 322 low, tricaprylin and tricaprin oxidized to a large extent during accelerated storage. This may be due 323 to the fact that monounsaturated fatty acids can undergo autooxidation at elevated temperature. 324
The humectant raw material, glycerine was a relatively stable raw material. As described previously 325 [1] , glycerine can oxidize to aldehydes such as glyceraldehyde, which may react with other 326 molecules through the mechanism described by Jungermann and Sonntag [26] . However, impurities 327 in the raw material (0.5 %) may also contribute to the volatile compounds developing during 328 accelerated storage. 329
The other raw material for which the concentration of volatile compounds increased during storage 330 was coconut oil. Again, it can be explained by its fatty acid composition. Coconut oil mainly 331 contained the saturated fatty acids (> 90 %; 7.65 % of 8:0, 5.81 % of 10:0, 45.68 % of 12:0, 18.29 332 % of 14:0, 9.89 % of 16:0, 2.87 % of 18:0). However, it also contained unsaturated fatty acids; 333 mono-unsaturated (> 7 %; 7.30 % of 18:1 n-9) and polyunsaturated (< 2 %; 1.83 % of 18:2 n-6). 334
The polyunsaturated fatty acids are highly susceptible to autoxidation, which may explain the large 335 increase observed in the concentration of volatile compounds. 336
337
In addition to the lipid containing raw materials, other raw materials, which were present in a 338 concentration above 1 %, were also screened for volatile compounds during accelerated storage. 339
Amongst those, lecithin and polyacrylate crosspolymer-6 had increasing concentrations of at least 6 340 of the 9 products relevant volatile compounds (Figure 4) . 341
After 3 months of accelerated storage, a broad variety of volatile compounds appeared in both raw 342 materials. In lecithin and polyacrylate crosspolymer-6, the concentration of butanal, 2-pentanone 343 (only lecithin), pentanal, 2-hexanone, hexanal and benzaldehyde increased. Therefore, these raw 344 materials may partly contribute to the increasing concentrations observed in the topical skin 345 formulations. Several other volatile compounds increased in the texture modifying raw materials, 346 but not in the prototype skin formulations: 3-methylbutanal, 2-heptanone, heptanal, octanal and 347
nonanal. 348
None of the raw materials contained butane, pentane, hexane or octanenitrile. However, a nitrile 349 containing compound was found in polyacrylate crosspolymer-6, namely tetramethylbutanedinitrile. it is suprising that this compound could not be detected, whereas we were able to detect 366 butanenitrile. Another possibility is that butane, pentane, hexane and octanenitriles are migrants 367 from plastic packaging. Since, butane, pentane, hexane and octanenitriles appear in prototype skin 368 formulations stored in both plastic and glass packaging, migration does, however, not seem to be a 369 plausable explanation. More studies are needed to fully understand the reaction routes leading to the 370 detected nitriles. 371
Linking volatile oxidation products in PCF/ PSF and raw materials together 372
The volatile compounds both present in the prototype skin formulations, PCF and PSF, and in raw 373 materials are summarized in Table 2 . In brief, the increasing concentration of butanal in PCF and, 374 especially, PSF during storage may originate from all the selected raw materials except coconut oil. 375
However, the concentrations were conspicuously higher and above ODT value after accelerated 376 storage in tricaprylin and tricaprin, and polyacrylate crosspolymer-6. Therefore, it is most likely that 377 butanal originated from these two raw materials. 378
It is not surprising that pentanal increased in all raw materials. This was also the case in our 379 previous study [1] . The concentration was above ODT value in all raw materials except glycerine 380 after 3 months accelerated storage. The volatile aldehyde in PSF, hexanal, was present in all raw 381 materials after 3 months accelerated storage. Especially, tricaprylin and tricaprin, and coconut oil 382 had high concentrations of hexanal at 1681 ng/g and 3976 ng/g. Benzaldehyde increased in PSF to 383 17 ng/g after 6 months´ storage. It was possible to link benzaldehyde to all raw materials. 384
The appearance of butanenitrile was surprising; it is usually not observed in studies of lipid 385 oxidation. A likely explanation to its appearance has been suggested, but more studies are needed to 386 identify the exact route of formation from impurities in polyacrylate crosspolymer-6. 387
The alcohol 1-pentanol increased in one raw material, namely tricaprylin and tricaprin. The other 388 alcohol that increased in PCF, 1-octanol, was not to linked to any of the raw materials. As observed 389 previously [1] , the two ketones, 2-pentanone and 2-hexanone, were only present in low 390 concentrations in both PSF and raw materials. 391
Despite the product odour changing during storage in topical skin formulation, the product odour 392 was still deemed within product range by an expert panel. 393
Therefore, it was possible to link eight out of nine volatile compounds found in the prototype skin 394 formulations to raw materials. GSK Toxicology group has assessed the human safety impact of the 395 volatiles included in this study. At the determined levels these substances do not raise any 396 toxicological concern, neither locally or systemically. 397
Conclusion 398
This study explored lipid oxidation and oxidative degradation in two topical skin formulations (PCF 399 and PSF) containing a low lipid content. In an earlier study, we investigated lipid oxidation and 400 oxidative degradation in a topical skin formulation containing a high lipid content. Comparison of 401 these two studies revealed that the oxidative stability measured by PV decreased with decreasing 402 lipid content for topical skin formulations. However, the opposite was observed for the 403 concentration of volatile oxidation and degradation products. Thus, the concentration of the volatile 404 compounds was higher in the topical skin formulations with a high lipid content than in the topical 405 skin formulations with a low lipid content. These results are contrary to those for simple emulsions. 406
The higher stability of the topical skin formulations with a low lipid content may be related to their 407 high complexity due to the large number of raw materials, which can affect lipid oxidation such as 408 Polyacrylate crosspolymer-6. However, more studies are needed to investigate this difference 409 between simple emulsions and topical skin formulations. 410 Similar to our previous findings for topical skin formulations with a high level of lipids, several 411 secondary volatile oxidation products were present initially and more were formed during 6 months 412 of storage. 413
Selected raw materials were explored in order to link volatile compounds affecting the quality in the 414 topical skin formulation to raw material(s) and eight out of nine volatile compounds found in 415 topical skin formulations could be linked to their presence in raw materials. Thus, well-known lipid 416 oxidation products and non-enzymatic browning products found in PSF and PCF were suggested to 417 originate from tricaprylin and tricaprin, and in particular coconut oil because of its unsaturated 418 nature. 419
Butanenitrile appeared during storage in PCF. This compound has not been reported in other lipid 420 oxidation studies either in model emulsions, food emulsions or in topical skin formulations. Since 421 the concentration of butanenitrile was low it most likely did not affect product odour, but it is still 422 important to explore the mechanism behind its formation. A possible link between butanenitrile and 423 the decomposition of the initiator used for production of polyacrylate crosspolymer-6 was 424 identified. However, more studies are needed to determine the exact reaction route from this 425 ingredient to butanenitrile. 
